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Realizing a novel dazzling far-red-emitting
phosphor NaLaCaTeO6:Mn
4+ with high quantum
yield and luminescence thermal stability via the
ionic couple substitution of Na+ + La3+ for 2Ca2+
in Ca3TeO6:Mn
4+ for indoor plant cultivation
LEDs†
Kai Li * and Rik Van Deun
A novel dazzling far-red-emitting phosphor NaLaCaTeO6:Mn
4+
(NLCTO:Mn4+) with superior photoluminescence properties was
found via an ionic couple substitution strategy of Na+ + La3+ for
2Ca2+ in non-luminous Ca3TeO6:Mn
4+ for the first time, which is
originated from the significant distortion of TeO6 octahedra. The
results indicate that the ionic couple substitution strategy is a
feasible guide to explore novel Mn4+-involved oxide phosphors
for potential application in plant cultivation LEDs.
It is well known that artificial light sources play an important role
in indoor plant growth processes, meaning that light in the
regions of blue (400–480 nm), red (600–680 nm) and far-red
(FR, 680–780 nm) is closely related to photosynthesis, phototrop-
ism and photomorphogenesis, respectively.1,2 Therefore, it is best
if the light composition can be regulated according to the
requirement for plant growth in different stages. Currently, as a
potential light source, phosphor-converted light-emitting diodes
(pc-LEDs) possessing many advantages such as high efficiency,
long lifetime, energy saving, compactness, environmental friend-
liness, etc. are being explored for use in the indoor plant cultiva-
tion field to replace the conventional ones such as fluorescent
lamps, metal halide lamps and incandescent lamps,3–5 whose
spectral composition can be easily controlled by employing LED
chips with different kinds of phosphors.
It is reported that there are two kinds of phytochrome
proteins named biologically inactive state Pr and active state
Pfr, which correspond to the absorption of red light ranging
from 600 to 700 nm (centered at 666 nm) and red-far-red light
ranging from 600 to 780 nm (peaking at 730 nm), respectively.5
Normally, these two states can be mutually converted into each
other under diﬀerent irradiations, i.e., the active state Pfr will be
transformed to inactive state Pr upon far-red light irradiation,
which drops the ratio of Pfr/Pr to a certain threshold level,
boosting the flowering stimulus of the short-day plants, and
vice versa.6,7 Currently, Eu3+ doped luminescent materials with
emission around 616 nm8,9 are often explored as red-emitting
phosphors, which is a little far from the deep to far-red region
(650–780 nm). Besides, the reported red-emitting Eu2+ or Ce3+
doped oxy(nitrides) need either complicated synthesis pro-
cesses or harsh synthesis conditions.10,11 Accordingly, it is of
giant interest to explore novel far-red-emitting phosphors for
plant cultivation LEDs.
Recently, non-rare earth ion Mn4+ has been considered as a
candidate activator for high-cost rare earth ions in oxide
phosphors.12 It can emit far red bands under broad-band ultra-
violet (UV) or blue excitations owing to its 2Eg-
4A2g transition
when it stably locates in an octahedral environment.13,14 So far,
Mn4+-doped oxide matrices mainly include aluminate, niobate,
titanate, gallate, etc.15–19 Except for that, tellurate with good
physical and chemical stability has been explored as another
kind of candidate host to get good luminescent properties after
Mn4+ incorporation.20 Therefore, it is of much interest to enrich
the Mn4+ doped tellurate luminescent systems. Herein, we initiate
an ionic couple substitution strategy of Na+ + La3+ for 2Ca2+ in
non-luminous Ca3TeO6:Mn
4+ to acquire an intense far-red-
emitting NLCTO:Mn4+ with good luminescent properties, which
is proposed to be a feasible guide to explore novel Mn4+-involved
phosphors for potential application in plant cultivation LEDs.
The sample preparation process has been detailed in the ESI.†
In order to further confirm the phase purity and clarify the
structure information, the XRD Rietveld refinements for repre-
sentative NLCTO host and NLCTO:0.01Mn4+ samples are shown
in Fig. 1a and b, respectively, in which the compound Ca3TeO6
with the ICSD no. 1636221 was employed as the original model. It
can be observed that all the atom coordinates, fraction factors and
thermal vibration parameters are in agreement with the reflection
conditions, Rwp = 13.72%, Rp = 11.20%, w
2 = 1.116 for NLCTO and
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Rwp = 13.60%, Rp = 10.80%, w
2 = 1.203 for NLCTO:0.01Mn4+
respectively, indicating that the refined results are reliable. These
results imply that the compound NLCTO has a consistent struc-
ture with the Ca3TeO6 compound, as displayed in Fig. 1c, which
belongs to the monoclinic system with the space group P121/c1.
The Na+ and La3+ ionic couple randomly occupy Ca2+ sites to form
(Na,La,Ca)O6 and (Na,La,Ca)O7 polyhedra. The Te atoms connect
with six oxygen atoms named 2  O1, 2  O2 and 2  O3 to form
TeO6 octahedra. These three kinds of polyhedra are connected
with bridging O atoms to build the whole network frame. Detailed
lattice parameters are listed in Table S1 (ESI†). It can be observed
that the cell parameters of the NLCTO compound are a = 5.6200(4) Å,
b = 5.8302(4) Å, c = 8.0511(4) Å, V = 263.80 Å,3 which are all
larger than those of the original Ca3TeO6 compound.
21 This is
because the ionic radii of Na+ [coordination number (CN) = 6,
radius (r = 1.02 Å), CN = 7, r = 1.13 Å] and La3+ (CN = 6, r = 1.05 Å,
CN = 7, r = 1.10 Å) are much larger than those of Ca2+ (CN = 6,
r = 1.00 Å, CN = 7, r = 1.07 Å). However, the cell parameters of
NLCTO:0.01Mn4+ show larger values than those of the NLCTO
host even if the ionic radius of Mn4+ (0.54 Å) is smaller than that
of Te6+ (0.56 Å). The occurrence of this abnormal phenomenon
may be originated from the dominant weaker attraction to O2 of
tetravalent Mn4+ relative to sexavalent Te6+, resulting in the minor
dilation of cell parameters by combining the simultaneous ionic
radius eﬀect. In addition, Table 1 displays the bond lengths of
Te–O in Ca3TeO6 and NLCTO compounds. It can be observed that
three kinds of Te–O bond lengths change significantly after the
ionic couple substitution of Na+ + La3+ for 2Ca2+ in the Ca3TeO6
compound, which results in the distortion of the TeO6 octahedra.
The distortion can be evaluated using the following equation
concerning the bond length:22
DðTOÞ ¼
X6
i¼1
TOi  TOmj j
 !,
6TOm (1)
Here, TOi refers to the individual distances from the cation to
the ligand anions, TOm represents the average bond length, and
the distortion D(TO) stands for the average deviation of bond
length. Hence, the distortion values are calculated to be 0.002414
for Ca3TeO6 and 0.026738 for NLCTO, respectively, indicating
that the distortion and symmetry of the TeO6 octahedron change
significantly after the ionic couple substitution of Na+ + La3+ for
2Ca2+ in Ca3TeO6, which is likely to trigger the superior lumines-
cence properties of NLCTO:Mn4+. Fig. 1d shows the XRD pat-
terns for Mn4+ un-doped and doped NLCTO samples. It can be
found that all the patterns are assigned to the compound
Ca3TeO6 with the ICSD no. 16362, indicating that the as-
prepared series samples are pure phase, and the introduction
of Mn4+ will not result in the significant change of the crystal
structure. Moreover, the XRD patterns for samples NayLay-
Ca32yTeO6:0.01Mn
4+ (NyLyC32yTO:0.01Mn
4+, y = 0–1.5) with
different Na+ and La3+ substituted concentrations are depicted
in Fig. S1a (ESI†), which also show similar profiles assigned to
the standard Ca3TeO6 compound. This confirms that Na
+ and
La3+ can completely substitute the Ca2+ in this system without
any significant structural change.
The photoluminescence (PL) excitation spectrum (lem = 706 nm)
of optimal NLCTO:0.01Mn4+ shows a broad band ranging from 250
to 550 nm, as illustrated in Fig. 2a, which can be deconvoluted into
four Gaussian bands centered at 313 nm (31949 cm1), 344 nm
(29070 cm1), 402 nm (24876 cm1) and 476 nm (21008 cm1),
corresponding to Mn4+–O2 charge transfer (CT), spin-allowed
4T1g’
4A2g, spin-forbidden
2T2g’
4A2g and spin-allowed
4T2g’
4A2g transitions, respectively. However, several original peaks around
460 nm can be observed, which may be ascribed to the Xe lamp
excitation light source. Upon 334 nm excitation, the emission
spectrum exhibits a band centered at 706 nm (14164 cm1) in
the range of 620–820 nmwith the CIE chromatic coordinates (0.731,
0.269) in Fig. 2b and a high quantum yield of 92.2% in Fig. S2a
(ESI†); moreover, the emission profile under 365 nm excitation
except for the intensity is similar to that upon 334 nm excitation
with a quantum yield of 43.2% in Fig. S2b (ESI†), corresponding to a
bright deep red emitting color under 365 nmUV lamp irradiation in
Fig. 2b. These emission bands are originated from 2Eg -
4A2g
transition of Mn4+ located in TeO6 octahedra. The absorption of the
biologically active state Pfr in plants is also given in Fig. 2b for
comparison with the Mn4+ emission band. A significant overlap can
be found, indicating that Mn4+ emission can be utilized for plant
growth light. The emission of the 2Eg -
4A2g transition of Mn
4+
located in TeO6 octahedra is influenced by the crystal field because
of its special 3d3 electronic configuration; however, this spin-
forbidden transition can be clearly observed since it is affected by
Fig. 1 Rietveld refinements for representative NLCTO host (a) and
NLCTO:0.01Mn4+ (b) samples. (c) Proposed crystal structure of the NLCTO
compound. (d) XRD patterns for as-prepared series NLCTO:xMn4+
samples.
Table 1 Te–O bond lengths in Ca3TeO6 and NLCTO compounds
Compound Te–O1 (Å) Te–O2 (Å) Te–O3 (Å)
Average
value (Å)
Ca3TeO6 2  1.9208 (1) 2  1.9128 (1) 2  1.9251 (1) 1.9192 (1)
NLCTO 2  1.9743 (1) 2  1.8993 (1) 2  1.8226 (1) 1.8987 (1)
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the isolated covalence of Mn4+-ligand bonding. In order to compre-
hend the influence of the crystal field strength on the luminescence
properties, the crystal field strength (Dq) and Racah parameters B
and C are determined to be 2101 cm1, 796 cm1, and 2760 cm1
for NLCTO:Mn4+ (more information can be found in the ESI†). The
value of Dq/B = 2.64, depicted in the Tanabe-Sugano energy level
diagram of Mn4+ (d3 electron configuration) in an octahedral crystal
field of the host (Fig. S3, ESI†) indicates that Mn4+ ions locate in a
strong crystal field here.23 In addition, the PL emission spectra
(lex = 365 nm) for NyLyC32yTO:0.01Mn
4+ (y = 0.25–1.5) are shown in
Fig. S1b (ESI†). It can be found that the emission enhances with
increasing y, reaches the maximal at y = 1, and then weakens with
further y value. Another phenomenon of peak shift from 712 nm
to 702 nm with increasing y value can be found in the inset of
Fig. S1b (ESI†), which likely originates from the different crystal
strength generated with different Na+ and La3+ concentrations
for substituted Ca2+.
A series of Mn4+ doped NLCTO samples were synthesized to
determine the optimal Mn4+ doping concentration, whose PL
emission spectra (lex = 365 nm) are displayed in Fig. 2c. It can be
found that the profiles of the emission spectra are similar to each
other except their intensities, and the optimal Mn4+ concentration
x is found to be 0.01 in NLCTO:xMn4+ samples from the inset of
Fig. 2c. Supported XRF spectral information of NLCTO:0.01Mn4+
is given in Fig. S4 (ESI†), indicating that the Mn4+ real concen-
tration is generally consistent with the given chemical formula
after calculation. Beyond the optimal Mn4+ concentration, the
emission intensity of NLCTO:Mn4+ decreases monotonously with
increasing Mn4+ concentration owing to the general concen-
tration quenching eﬀect. The rising Mn4+ concentration leads to
a shorter distance and increases the non-radiative energy transfer
probability between them. In order to determine the energy
transfer mechanism between Mn4+ ions, the critical distance
(Rc) needs to be determined using the following formula:
24
Rc  2 3V
4pXcN
 1=3
(2)
where Xc is the critical content of Mn
4+, N refers to the number of
available Te6+ sites in a unit cell, and V represents the volume of
the unit cell. According to the V = 263.8 Å3, N = 2, and Xc = 0.01,
the Rc is determined to be 29.3 Å, which is much larger than that
of 5 Å for exchange interaction; therefore, it can be excluded here.
Another method of radiation reabsorption requires a significant
overlap between excitation and emission spectra, which is not
likely to occur in the current case. In view of the analysis above,
the electric multipole interaction mechanism is likely to dom-
inate the energy transfer process in NLCTO:Mn4+ samples. As is
reported earlier,25 there are three kinds of electric multipole
interactions named electric dipole–dipole, dipole–quadrupole
and quadrupole–quadrupole interactions corresponding to differ-
ent y = 6, 8, and 10, respectively, in the following equation for
determining the specific one:26
I
x
¼ 1þ b xð Þy=3
h i1
(3)
where x and I are the Mn4+ concentration and the corresponding
emission intensity of the phosphors here, respectively. b is a
constant for a certain matrix under the same excitation conditions.
According to the linear fitting for the log(x) versus log(I/x), the slope
is1.543 = y/3 with the R2 = 0.97014, hence, the y = 4.629 is close to
6, indicating that the electric dipole–dipole interaction is the energy
transfer mechanism between Mn4+ ions in NLCTO:Mn4+ samples.
Decay curves (lex = 365 nm, lem = 706 nm) of as-prepared series
NLCTO:xMn4+ (x = 0.002–0.04) samples are recorded in Fig. S5a
(ESI†), which can be fitted well with a bi-exponential function.27
Therefore, the decay times are determined to be 1.505, 1.700, 1.736,
1.620, 1.572 and 1.509 ms corresponding to x = 0.002, 0.005, 0.01,
0.02, 0.03 and 0.04, showing a consistent trend with the emission
intensity. Time-resolved emission spectra would give an insight
into the chemical environment around the fluorophore and deter-
mine the transient process, which are displayed in Fig. S5b (ESI†)
for NLCTO:0.01Mn4+ with delayed time from 0.2 ms to 3.3 ms. It
can be observed that the profiles and peaks seldom change except
the intensity with increasing delay time, indicating that only one
type of Mn4+ luminescent center exists in the NLCTO:Mn4+ mate-
rial, which is consistent with only one kind of Te6+ site in the
NLCTO compound.
As an essential parameter for the potential application of
phosphors in LEDs, the temperature-dependent PL properties
of the representative NLCTO:0.01Mn4+ sample have been inves-
tigated. Fig. 3a presents its temperature-dependent emission
spectra and variation of corresponding integrated intensities. It
can be observed that the emission profile seldom changes while
the emission intensity decreases monotonously with increasing
temperature. This decrease of emission intensity is often
originated from the thermal quenching eﬀect which can be
understood via the thermal activation through the crossing
point between the ground and excited states, as illustrated in
Fig. 2 (a) Excitation spectrum of NLCTO:0.01Mn4+ monitored at 706 nm.
(b) PL emission spectra excited at 334 nm and 365 nm in addition to the
absorption of biologically active state Pfr in plants. (c) PL emission spectra
(lex = 365 nm) of series NLCTO:xMn
4+ samples with diﬀerent Mn4+
concentrations; the inset is the variation of emission intensity of corres-
ponding samples. (d) Dependence of log(I/x) on log x and its linear fitting
beyond the critical content.
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the schematic in Fig. 3b. Normally, the electrons at ground 4A2g
first absorb the photons and will be populated to excited states
such as 4T1g and
4T2g, then they relax to the lowest excited state
2Eg via a non-radiative transition process, and ultimately gen-
erate the luminescence via the Mn4+ radiative transition 2Eg-
4A2g. With increasing temperature, more and more electrons at
the excited 4T2g state can overcome the energy barrier (activated
energy DE) and jump to the crossing point P of energy levels
4T2g and
4A2g; therefore, more and more non-radiative transi-
tion occurs along the PO green dash line, which results in the
decrease of emission intensity. However, the integrated emis-
sion intensity still remains 84% at 423 K (the commonly work-
ing temperature a LED can reach) of that acquired at room
temperature at 298 K, indicating that this kind of material
possesses good luminescence thermal stability. The DE can be
approximately evaluated using the following equation:28
ln
I0
I
 
¼ lnA DE
kT
(4)
where I0 and I are the integrated intensities of the emission
spectra at room temperature (298 K) and given temperatures
T(K), respectively. A is a constant for a given material and k is
the Boltzmann constant (8.626  105 eV K1). Accordingly, as
depicted in Fig. 3b, the slope of the linear fitting for ln[(I0/I)  1]
and 1/(kT) was calculated as 0.179 with the R2 = 0.97387,
which yields a value for DE of 0.179 eV, confirming a good
thermal stability.
In conclusion, a series of novel dazzling far-red-emitting phos-
phors NLCTO:Mn4+ were synthesized using a high-temperature
solid-state reaction approach, which can be formed via an ionic
couple substitution of Na+ + La3+ for 2Ca2+ in non-luminous
Ca3TeO6:Mn
4+. The occurrence of intense luminescence may be
originated from the significant distortion of TeO6 octahedra after
substitution. Moreover, the luminescence thermal stability shows
good performance since the integrated emission intensity still
remains 84% at 423 K of that acquired at room temperature
(298 K). These results indicate that this kind of material has a
potential application in indoor plant cultivation LEDs and the
ionic couple substitution strategy will supply a guide to discover
novel Mn4+-involved phosphors for promising applications.
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